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The microstructural and electrochemical properties of anodes obtained by 
impregnation of the La0.4Sr0.6Ti0.8Mn0.2O3±d (LSTM) oxide system into two types of 
anode substrates such as Ni / 8YSZ substrate (Ni (E) / 8YSZ) and partially Ni removed 
Ni / 8YSZ substrate (Ni(R)/8YSZ) were investigated in order to apply them as anode 
material for solid oxide fuel cells. 
All of the samples with LSTM impregnated on Ni (R) / 8YSZ show higher electrical 
conductivity values than those of unimpregnated Ni (E) / 8YSZ under dry H2 condition. 
The highest electrical conductivity values of 2041.2, 1877.4, and 1764.3 S/cm at 700, 
800 and 900 oC can be achieved by samples with 3 wt% impregnated LSTM on Ni (R) / 
8YSZ. From the XPS analysis, the existence of a Ti metal peak on the surface of LSTM 
was only measured for the LSTM (3wt%)-Ni (R) / 8YSZ sample, metallic titanium on 
the surface can improve the electrical catalytic reaction. 
LSTM (3wt%)-Ni (R) / 8YSZ showed higher electrical conductivity values then those 
of LSTM (3wt%)-Ni (E) / 8YSZ in all the temperature ranges measured in the case of 
dry CH4 supply. Finally, the electrical conductivity of LSTM (3wt%)-Ni (R) / 8YSZ 
was stably maintained even when exposed to dry CH4 condition at 900 
oC for a long 
























Currently, the most commonly used anode material for Solid Oxide Fuel Cell (SOFC) 
operation is a cermet typed anode consisting of nickel oxide (NiO) and 8mol% yttria-
stabilized zirconia (8YSZ), because Ni metal generated from the reduced NiO not only 
improves the catalytic performance at the SOFC anode, but also becomes the electron 
passage. 8YSZ prevents Ni coarsening that may occur during operation of the SOFC as 
well as also acts as an oxygen ion channel to expand the three-phase boundary (TPB) 
[1-6]. The material features of this cermet show excellent electrochemical properties 
and performance when using pure hydrogen fuel.  
However, when hydrocarbon-based fuels are supplied to the SOFC anode composed 
of NiO / 8YSZ, carbon deposition on the surface and inside of the anode occurs which 
results in performance degradation and durability problems [1, 7, 8]. Therefore, in order 
to develop SOFC anode materials with excellent electrochemical properties and 
durability characteristics without carbon deposition, new anode materials with enhanced 
electrochemical properties and resistance to carbon formation have to be developed [9-
13].  
For the new anode materials, we proposed the concept of space formation technology 
and space replacement technology in anode materials for hydrocarbon driven SOFCs. 
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The space formation technology can be understood as additionally generated porous 
structures by partially removing Ni metal from Ni / 8YSZ anodes, the removal carried 
out by nitrate acid. The space replacement technology is to impregnate nitrate solutions 
into the porous anode structure and to generate single phase of perovskites in situ after 
the decomposition of the nitrates. In detail, these concepts combine the modification of 
the Ni-YSZ cermet by altering the nickel content carrying out surface treatment with 
adding oxide material catalysts and the synthesis of new single phase anode materials. 
In a related research study, we recently synthesized a La0.4Sr0.6Ti0.8Mn0.2O3±d (LSTM) 
oxide system on a porous 8YSZ scaffold structure using an impregnation technique, this 
fabrication representing space replacement technology [14] and subsequently analyzed 
its electrochemical properties.  
In this study, we investigated the microstructural and electrochemical properties of a 
porous structure suitable for application as a SOFC anode fabricated by applying the 
concept of the space formation technology to a Ni / 8YSZ anode as well as the concept 








2.1. Fabrication of the NiO / 8YSZ substrate  
NiO powder (J.T. Baker, USA) and 8 mol% yttria stabilized zirconia (8YSZ, Tosho, 
Japan) powder were mixed at a weight ratio of 6:4 for the fabrication of the NiO / 8YSZ 
substrate. In addition, 15 wt% of carbon black (J.T. Baker, USA) used as the pore 
former and 1wt% of Butvar B-98 (Sigma) used as binder were added to the mixture of 
NiO / 8YSZ.   
The mixture for the fabrication of the substrate was ball-milled for 24 hours using 
ethanol as suspension medium. The powders were dried in the oven, pulverized using an 
agate mortar and sieved through a 100 micro sized mesh. The mixed powders were 
pressed into pellets of the shapes of rectangular prisms and then sintered at 1450 oC for 
2 hours with a heating rate of 3 oC / min. After the sintering related shrinkage these 
pellet bars showed a compact size of 5.5 mm x 4 mm x 24 mm and were subsequently 
used for XPS, SEM, EDS and conductivity measurements. 
 
2.2. Selective Ni-removal from the NiO / 8YSZ substrate  
As the space formation technology for the partial removal of Ni from the NiO / 8YSZ 
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substrate, the NiO / 8YSZ substrate firstly was reduced to Ni / 8YSZ because Ni metal 
can be easily removed from the reduced substrate using a HNO3 based solution. This Ni 
removal can result in an increase in the porosity of the substrate beyond the porous 
structure that existed previously caused by the pore former.  
 
Table 1. Summary of abbreviations for samples used in this experiment. 
Initial of samples Chemical composition or experimental condition 
LSTM La0.4Sr0.6Ti0.8Mn0.2O3±d 
Ni (E) / 8YSZ Reduced Ni / 8YSZ substrate 
Ni (R) / 8YSZ Partially Ni removed Ni / 8YSZ substrate, also reduced 
LSTM (3wt%) 
-Ni (E) / 8YSZ 
3 wt% impregnated LSTM onto the Ni (E) / 8YSZ 
substrate; then, heat treatment under reducing atmosphere 
LSTM (3wt%) 
-Ni (R) / 8YSZ 
3 wt% impregnated LSTM onto the partially Ni removed  
Ni / 8YSZ substrate [Ni (R) / 8YSZ]; then, heat treatment 
under reducing atmosphere 
 
For this reason, fabricated NiO / 8YSZ substrates were exposed to reducing conditions 
by supplying 3.9 % H2 / Ar balance gas at 930 
oC for 20 hours in order to reduce the 
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NiO in the substrate to Ni. The reduced Ni / 8YSZ substrates obtained in this way were 
initialized as Ni (E) / 8YSZ, generally abbreviations used throughout this paper are 
displayed in Table 1. 
These Ni (E) / 8YSZ substrates were dipped into an acid based solution consisting of a 
1:1 volume ratio of HNO3-H2O. After the dipping process into the HNO3-H2O solutions, 
these substrates were washed with deionized water and then the remaining HNO3 was 
removed by thorough washing with deionized water. After the washing process of the 
Ni (E) / 8YSZ substrates, they were dried in an oven at 80 oC. Partially Ni removed Ni / 
8YSZ substrates obtained after this procedure were named Ni (R) / 8YSZ, generally 
abbreviations used throughout this paper are displayed in Table 1. 
 
2.3. Impregnation process, prepared samples and XPS analysis 
 The space replacement technology aims to impregnate the Ni (E) / 8YSZ substrate and 
the selectively Ni removed porous structure Ni (R) / 8YSZ with a solution of nitrates, 
which will finally generate La0.4Sr0.6Ti0.8Mn0.2O3±d (LSTM). Lanthanum nitrate 
(La(NO3)3-6H2O), Strontium nitrate (Sr(NO3)2), Dihydroxy-bis (ammonium lactato)-
titanium (IV) ([CH3CH(O
-)CO2-NH4]2-Ti(OH)2), Manganese nitrate (Mn(NO3)2-4H2O) 
were weighed and mixed in deionized water forming a solution with a concentration as 
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low as 0.25 mol/L. In addition, the mixtures of raw materials were dissolved in distilled 
water without addition of glycine; this was done in order to prevent swelling problems 
caused by the repeated impregnation process.  
Using a syringe, the solutions were slowly dropped onto the surface of the two porous 
substrates Ni (E) / 8YSZ and Ni (R) / 8YSZ. When the pores of the substrates became 
saturated with solution, the samples were heated to 500 oC in air to evaporate the 
solvent and to decompose the nitrates in the solution. This process was repeated many 
times until the desired weight of LSTM precursor was reached on the Ni (E) / 8YSZ and 
on the Ni (R) / 8YSZ substrates. The samples were calcined at 1200 oC for 4 hours in air 
to form a single phase of LSTM and then a final heat-treatment was carried out at 930 
oC for 10 hours in order to create a uniform cover of LSTM over the Ni (E) / 8YSZ and 
over the Ni (R) / 8YSZ substrates. This uniform LSTM cover showing in oxidizing 
atmosphere transforms its appearance to fine particles when reduced. 
The abbreviations used for the samples for XPS analysis are also summarized in 
Table 1. The abbreviation LSTM (3wt%)- Ni (E) / 8YSZ indicates that 3 wt% of LSTM 
was impregnated into the Ni (E) / 8YSZ substrate and then heat treated under reducing 
atmosphere. Finally, LSTM (3wt%)-Ni (R) / 8YSZ is 3 wt% of LSTM was impregnated 
onto partially Ni-removed Ni / 8YSZ substrate (Ni (R) / 8YSZ) and then heat treated 
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under reducing atmosphere. For the XPS analysis, a VG-Scientific ESCALAB 250 
spectrometer (UK) with a monochromatic X-ray source was used. Detailed 
experimental procedures for XPS analysis can be found elsewhere [15-18]. 
 
2.4. Electrical conductivity measurement and microstructural characterization  
Electrical conductivity measurements were conducted using a four-terminal DC 
arrangement in a custom jig with a Keithley 2400 Source Meter over a temperature 
range from 50 °C to 900 °C at a rate of 5 oC/min in a dry H2 (3.9 % H2 / Ar balance gas), 
wet H2 and dry CH4. The microstructural characteristics of the samples were 
investigated using field emission scanning electron microscopy (FE-SEM, S-4300, 
Hitachi) combined with energy dispersive spectroscopy (EDS). 
 
3. Result and discussion 
 
3.1. Weight loss of Ni from Ni/8YSZ substrate  
Fig. 1 shows the weight loss behavior when reduced bar type Ni (E) / 8YSZ 
substrates were dipped into a HNO3 based acid solution. When these samples were 
dipped into acid solution, abrupt weight losses with a ratio 3.32 wt.% / min. were 
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observed from the initial stage of contacting the solution to 5 minutes of measuring time, 
indicating that some of the Ni originating from reduction of NiO from the surface of Ni 
(E) / 8YSZ was dissolved into solution. This phenomenon can be related with equation 
(1) 
)..(....................).........(+)(+)()()(+)( 1224 22233 gNOlOHaqNONiaqHNOsNi →  
After 5 minutes the slope of the weight loss ratio suddenly decreased to a much 
lower level, the gradient of the slope between 5 minutes and 120 minutes indicates an 
average weight loss of 2.29 x 10-2 wt%/min, this new reduced weight loss can also be 








































Fig. 1. Weight change characteristics of Ni (R) / 8YSZ substrates related to time of 
exposure to acid solution. 
Therefore, the weight losses in the first stage of time (0~5 minutes) are ascribed to 
the dissolution of Ni located at the surface of reduced Ni (E) / 8YSZ and the weight 
losses in the second stage (5~120 minutes) originate from eluted Ni from the inside of 
reduced Ni (E) / 8YSZ.  
From this result shown in Fig. 1 the optimization of the process time for surface Ni 




3.2. Microstructure of La0.4Sr0.6Ti0.8Mn0.2O3±d (LSTM) on a Ni / 8YSZ substrate : 
Ni (E) / 8YSZ  
Fig. 2 summarizes the microstructures of the surface and cross section images of Ni 
(E) / 8YSZ impregnated with La0.4Sr0.6Ti0.8Mn0.2O3±d (LSTM) without Ni removal. The 
pictures in Fig. 2 are vertically ordered according to increasing weight ratio of 
impregnated LSTM, with the number of wt% displayed inside the pictures indicating 
the weight ratio of impregnated LSTM to the weight of the substrate. When the surface 
and the cross section images of impregnated LSTM on Ni (E) / 8YSZ substrates in Fig. 
2 are compared, it seems that the impregnated LSTM shows in the form of small 
spherical particles, which are connected to each other, on top of the Ni (E) / 8YSZ 
substrate up to 5 wt% LSTM. From the microstructure of Fig. 2 (b), (d) and (f), it was 




Fig. 2. SEM images of impregnated LSTM on Ni (E) / 8YSZ substrates. (a), (c), (e), (g) 
and (i) are top view images of the 1, 3, 5, 6 and 8 wt % impregnated LSTM on 
Ni (E) / 8YSZ substrates. (b), (d), (f), (h) and (j) are cross sample images of 1, 3, 
5, 6 and 8 wt % impregnated LSTM on Ni (E) / 8YSZ substrates. 
However, the microstructure covering the surface shows a large change when LSTM 
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is impregnated to an extent of more than 6 wt%, as shown in Fig. 2 (g). For example, as 
can be seen in Fig. 2 (g), the entire surface of Ni (E) / 8YSZ is covered with LSTM at 
6wt% and the coagulation phenomenon and surface cracking of the impregnated LSTM 
are found at an impregnation level of 8 wt% LSTM, as depicted in Fig. 2 (i). In the 
images of sample cross sections similar microstructures can be observed over the whole 
range of impregnated percentage of LSTM. Samples with 6 wt% LSTM and more, as 
observed in Fig. 2 (h) and (j) show the same amount and distribution of LSTM particles 
as samples with 1, 3 and 5 wt% as observed in Fig. 2 (b), (d) and (f). As a result of the 
images of LSTM impregnated into Ni (E) / 8YSZ without Ni removal, it can be 
concluded that the microstructure of the surface was largely changed upon an 
impregnation level of more than 5% LSTM, while no large change between 5%, 6% and 
even 8% impregnated LSTM occurred in the areas further away from the surface as seen 
in the cross section. LSTM applied via impregnation in excess of 5 wt% apparently fails 
to intrude into the bulk of the Ni (E) / 8YSZ sample and instead builds up an LSTM 
layer on top of the surface on which the impregnation takes place. This top layer is 
increasing in thickness with increase of impregnated LSTM amount from 5 wt% to 6 




3.3. Microstructure of LSTM on the partially Ni removed Ni / 8YSZ substrate: Ni 
(R) / 8YSZ  
Fig. 3 displays the microstructural characteristics of impregnated LSTM on Ni (R) / 
8YSZ substrates after Ni was partially removed from the surface of substrate. 
Comparing the results of Fig. 3 to Fig. 2, a significant change can be seen depending on 
the wt% of impregnated LSTM on the substrates. For example, the surface of Ni (R) / 
8YSZ was uniformly coated with LSTM when 1 wt% of LSTM was impregnated, as 
can been seen in Fig. 3. (a).  
The surface microstructure that can be observed at 3wt% shows that the 
impregnated LSTM was uniformly distributed on the grains and grain boundaries of 8 
mol% yttria stabilized zirconia (8YSZ), the LSTM particles at the YSZ grain boundaries 
were at least partly connected to each other, while the LSTM particles located on top of 
YSZ grains were singular spheres with a slightly smaller diameter compared to the 
particles at the grain boundary.  
Increasing the weight ratio of LSTM to 5 wt%, as shown in Fig. 3 (e), it can be seen 
that the impregnated LSTM was uniformly coating the substrate and the thickness of the 
impregnated LSTM layer was confirmed to be increased when comparing to Fig. 3 (a) 
and (b). In case of 6wt% impregnated LSTM, as shown in Fig. 3 (g), a large amount of 
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LSTM was impregnated on the surface of the grains and at an impregnation level of 8 
wt% LSTM, additional LSTM particles were mainly grown to cover the gain boundaries 
of 8YSZ as displayed in Fig. 3 (i). When it comes to the microstructure of impregnated 





Fig. 3. SEM images of impregnated LSTM on Ni (R) / 8YSZ substrates. (a), (c), (e), (g) 
and (i) are top view images of the 1, 3, 5, 6 and 8 wt % impregnated LSTM on 
Ni (R) / 8YSZ substrates. (b), (d), (f), (h) and (j) are cross images of 1, 3, 5, 6 
and 8 wt % impregnated LSTM on Ni (R) / 8YSZ substrates. The samples in this 
paper were sintered at 1200 oC for 1 hour under reducing condition.  
20 
 
In summary pictures of LSTM impregnated onto a Ni (R) / 8YSZ substrate showed 
that with increased contents of impregnated LSTM, additional LSTM particles showed 
on top of YSZ grains first, and at the grain boundaries of the substrate at a later stage. 
Growth of LSTM on grain boundaries with increased wt% of impregnation were 
repeatedly progressed from the surface of impregnated LSTM on Ni (R) / 8YSZ 
substrates. Furthermore the cross section images of Ni (R) / 8YSZ samples show a clear 
progression of the amount of visible LSTM particles from low LSTM content in Fig. 3 
(b) and (d) over medium LSTM content in Fig. 3 (f) to high LSTM content in Fig. 3 (h) 
and (j). From this it is obvious that the intrusion of LSTM away from the impregnated 
surface into the bulk of Ni (R) / 8YSZ worked much better than into the bulk of Ni (E) / 
8YSZ, probably because the passage of LSTM through Ni (R) / 8YSZ is easier because 
of its enhanced porosity. 
Therefore, it can be concluded that the microstructure of impregnated LSTM was 
dependent on the substrate. In other words, in case of Ni (E) / 8YSZ pellets without Ni 
removal, the impregnated LSTM was just coated on the surface of a relatively dense 
support, the exact location of the growth of LSTM could not be determined and the 
question if it grows predominantly on grains or on grain boundaries at a certain level of 
impregnation, could not be answered.  
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However, when LSTM was coated on the relatively porous structure of Ni removed 
Ni (R) / 8YSZ bars using the impregnation technique, the location of growth of LSTM 













Fig. 4. Conceptual diagram showing the microstructure formation process of 
impregnated LSTM on Ni (R) / 8YSZ substrate 
 








A conceptual diagram showing the microstructure formation process of impregnated 
LSTM on the Ni-free substrate is shown in Fig. 4.  
Impregnated LSTM particles coat the surface of 8YSZ as singular spheres when the 
impregnation amount is 1 wt%, which is a relatively low concentration. When the 
impregnation amount is increased to 3 wt%, the size of the impregnated particles 
increases and the connectivity between the spherical particles is increased at the same 
time. Particularly in this case, LSTM particles are mainly grown at the grain boundaries. 
The level of 3 wt% LSTM impregnation produces samples with an optimized 
microstructural characteristic, providing maximal electron and ion mobility over a 
connected network of LSTM particles while effectively minimizing the impregnated 
amount of LSTM.  
At more than 5 wt%, it can be seen that additional LSTM is deposited on the LSTM 
surface generated by impregnation on the surface of 8YSZ, creating particles of a larger 
diameter than the particles observed at 3 wt%. Thereafter, growth of both the layer 
thickness and the particle size of the LSTM continuously proceeds. 
 
3.4. Electrical conductivity of LSTM on the Ni / 8YSZ substrate: Ni (E) / 8YSZ 
Fig. 5 summarizes the electrical conductivities of LSTM impregnated samples of a Ni 
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(E) / 8YSZ substrate without Ni removal with respect to the dry and wet H2 condition 
from 500 to 900 oC.  
The number located behind “LSTM” means the number of impregnations of LSTM 
which have been conducted into the Ni (E) / 8YSZ substrate. As can be seen from Fig. 5 
(a), the measured electrical conductivities of the Ni (E) / 8YSZ substrate without LSTM 
impregnation under dry H2 condition were 663.6, 619.2, and 567.4 S/cm at 700, 800 and 
900 oC. The electrical conductivities measured at one time impregnated LSTM-1 on Ni 
(E) / 8YSZ showed values of 100.8, 94.8, 88.5 S/cm at the same temperatures tested, 
which constitutes a significant decrease in conductivity compared to the pure Ni (E) / 
8YSZ substrate conductivity. In fact, all of impregnated samples such as LSTM-1, 2, 3, 
4 and 5 show lower electrical conductivity values than those of the Ni (E) / 8YSZ 
substrate and they display typically metallic conductivity behavior with respect to the 
temperature.  
The relationship between conductivity and weight percentage of impregnated LSTM 
is summarized in Fig. 5 (b). When the increased weight and the number of impregnation 
were compared, it was confirmed that the impregnation of 1 time increased the weight 
by about 1 wt% compared to the Ni (E) / 8YSZ. In the case of 2 impregnation steps, a 
weight increase of 3wt% was confirmed. Three, four and five impregnation steps led to 
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5wt%, 6wt% and 8wt% impregnated LSTM respectively. From the results of Fig. 5 (b), 
it can be seen that in the range between 0wt% of LSTM and 3wt% of LSTM, the 
electrical conductivities decreased with increasing impregnated material, however, the 
values of electrical conductivity increased with increased contents of LSTM 
impregnated into the Ni (E) / 8YSZ substrate from 3 wt% upwards. These 
characteristics can be confirmed not only in dry hydrogen atmosphere shown in Fig. 5 
(a) and (b) but also under wet H2 conditions displayed in Fig. 5 (c) and (d).  
Fig. 5 (e) displays the conductivity values of the different content LSTM samples 
impregnated into Ni (E) / 8YSZ, measured under dry and wet H2 conditions. The 
electrical conductivities under dry and wet H2 conditions showed almost the same 
values under dry and wet H2 for samples from 1 wt % of LSTM-1 to 5wt% of LSTM-3. 
However, the conductivity values of 6 and 8wt % of LSTM-4 and 5 under wet H2 










































Fig. 5. (a) 


































Fig. 5. (b) 
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Fig. 5. (c) 



































Fig. 5. (d) 
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Fig. 5. (e) 
 
Fig. 5. Summary of the electrical conductivities. (a)  of LSTM impregnated Ni (E) / 
8YSZ measured under dry H2 condition from 500 to 900 
oC. The number located 
behind LSTM means the number of performed LSTM impregnations into the 
substrate. (b) of LSTM impregnated Ni (E) / 8YSZ under dry condition with 
respect to the weight % of impregnated LSTM instead of the number of 
impregnation steps. (c) of LSTM impregnated Ni (E) / 8YSZ measured under 
wet H2 condition from 500 to 900 
oC. (d) of LSTM impregnated Ni (E) / 8YSZ 
under wet condition with respect to the weight % of impregnated LSTM instead 
of the number of impregnation steps. (e) summarized conductivity results 




3.5. Electrical conductivity of LSTM on the Ni removed Ni / 8YSZ substrate: Ni 
(R) / 8YSZ  
Fig. 6 (a) shows the electrical conductivity properties of LSTM impregnated samples 
of a selectively Ni removed Ni (R) / 8YSZ substrate, considering that this substrate has 
a relatively more porous structure than Ni (E) / 8YSZ. In case of the conductivity of 
LSTM samples onto Ni (R) / 8YSZ substrates under dry H2 reducing conditions, the 
electrical conductivity values of samples impregnated with LSTM were surprisingly 
much higher than those of the pure Ni (E) / 8YSZ sample. For example, LSTM-1-dry 
shows the electrical conductivity values of 1519.6, 1402.0, 1336.6 S/cm at 700, 800 and 
900 oC respectively. Compared with the results of the LSTM-1-dry sample impregnated 
into the Ni (E) / 8YSZ substrate (100.8, 94.8, 88.5 S/cm at the same temperature ranges 
measured), which were discussed before, these conductivity results are almost 10 times 
higher. Observing the conductivity tendency of impregnated LSTM into Ni free Ni (R) / 
8YSZ substrate, it also shows the metallic behavior found in Ni (E) / 8YSZ. The 
magnitude of the electrical conductivity values observed in LSTM-1-dry on Ni (R) / 
8YSZ is also much higher than that of the unimpregnated Ni (E) / 8YSZ. For LSTM-1, 
2, 3, 4, and 5 samples, the LSTM-1 sample showed the lowest electrical conductivity 
and the LSTM-2 sample showed the highest electrical conductivity.  
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In addition to these results, the electrical conductivity characteristics with respect to 
temperature and composition are summarized in Fig. 6 (b). Conductivity values 
decreased with increasing temperature in all compositions. However, in the case of 
composition, various characteristics were found depending on the amount of LSTM 
impregnated in selectively Ni removed Ni (R) / 8YSZ substrates. For example, 
increasing contents of the LSTM from 0 wt% (Ni (E) / 8YSZ) to 3 wt% (LSTM-2) 
increased the electrical conductivity, and the highest electrical conductivity of all 
samples was found in the LSTM-2 sample (LSTM-2 indicates 3wt% of LSTM was 
impregnated into Ni (R) / 8YSZ substrate). The electrical conductivity values of LSTM-
2 were 2041.2, 1877.4, and 1764.3 S/cm at 700, 800 and 900 oC. On the other hand, 
when the amount of LSTM impregnated into the Ni (R) / 8YSZ substrate exceeded 3 
wt%, the electrical conductivity decreased. These characteristics are the same in wet 
reducing conditions, as shown in Fig. 6 (c) and (d).  
Fig. 6 (e) shows the complete collection of electrical conductivity values at a 
temperature range of 500 °C to 900 °C under dry and wet reducing conditions. It can be 
seen that all conductivity values measured under the dry H2 conditions are higher than 
those measured under the wet H2 conditions. 
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Fig. 6. (a) 





































Fig. 6. (b) 
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Fig. 6. (c) 




































Fig. 6. (d) 
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Fig. 6. (e) 
 
Fig. 6. Summary of the electrical conductivities. (a) of LSTM impregnated Ni (R) / 
8YSZ measured under dry H2 condition from 500 to 900 
oC. The number located 
behind LSTM means the number of performed LSTM impregnations into the 
substrate. (b) of LSTM impregnated Ni (R) / 8YSZ under dry condition with 
respect to the weight % of impregnated LSTM instead of the number of 
impregnation steps. (c) of LSTM impregnated Ni (R) / 8YSZ measured under 
wet H2 condition from 500 to 900 
oC. (d) of LSTM impregnated Ni (R) / 8YSZ 
under wet condition with respect to the weight % of impregnated LSTM instead 
of the number of impregnation steps. (e) summarized conductivity results 
measured under dry and wet H2 conditions. 
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3.6. Energy dispersive spectrometer (EDS) analysis 
As mentioned above, 3 wt% of impregnated LSTM on the Ni (R) / 8YSZ substrate 
showed the highest conductivity, which can be correlated with surface component 
analysis using Energy Dispersive Spectroscopy (EDS) analysis.  
Fig. 7 and Table 2 summarize the results of the EDS analysis of Fig. 3 (c), obtained 
from a sample of 3 wt% LSTM on Ni (R) / 8YSZ annealed at 930 °C for 10 h in a 
reducing atmosphere. From these EDS results, location ‘a’ corresponds to the 
impregnated LSTM particles observed at the grain boundaries of 8YSZ comprised of Ni 
(R) / 8YSZ. In addition, location ‘b’ also indicates a bead-shaped point of the 
impregnated LSTM, located on a grain. The EDS results are summarized in Table 2. 
 
Fig. 7. Bright-field SEM image of the LSTM particles on Ni (R) / 8YSZ  from an 
anode substrate exposed to humidified H2 at 1200 
oC. The letters indicate the 
locations where the EDS analysis was performed. 
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In Table 2, the highest concentration of Ti in LSTM was found at point ‘a’. On the 
other hand, location ‘b’ shows a much lower concentration of Ti. Therefore, it can be 
concluded that the higher conductivities of the sample with the impregnated LSTM on 
the Ni (R) / 8YSZ substrate are caused by the presence of Ti observed at the grain 
boundary. The result of this analysis can be also correlated with the Ti metal peaks using 
XPS investigation in the next part.  
 
Table 2. Energy Dispersive Spectrometer (EDS) analysis results of different sample 
locations marked a and b in Fig. 7.  
Element 
Atomic weight % 
a b 
Ni  15.92 11.80 
Zr  73.86 87.39 
La  3.65 0.81 
Sr  3.04 -1.07 
Ti  3.79 1.19 
Mn  -0.26 -0.11 





3.7. XPS spectra of Ti 
The deconvolution results in Fig. 8 and the summarized results in Table 3 lead to the 
assumption that various charge states of Ti are present. The BEs of the types of Ti2+, 
Ti3+ and Ti4+ are located in almost the same BE ranges; this agrees with our previous 
experiment on Ti containing complex perovskites [15], as well as with the literature [19-
21]. For example, the XPS peak of TiO with a charge of Ti2+ is reported in literature at 
BEs of 455.5 eV (Ti 2p3/2) and 461.1 eV (Ti 2p1/2) and the XPS peak of Ti2O3 with a 
charge of Ti3+ is reported at 457.3 eV (Ti 2p3/2) and 462.5 eV (Ti 2p1/2). In addition, in 
literature the evidence for the presence of Ti4+ of the oxide type of TiO2 is constituted by 
the observation of peaks at 458.7 eV (Ti 2p3/2) and 464.3 eV (Ti 2p1/2) [15, 19-21]. 
From Table 3, both LSTM (3wt%)-Ni (E) / 8YSZ and LSTM (3wt%)-Ni (R) / 8YSZ  
showed the largest part of the integrated area at peaks with a position related to Ti2O3, 
with the area % values of 41.79 and 68.02. Obviously the largest part of the available 
titanium ions occurs in the charge state of Ti3+ in both samples. In summary, a change of 
Ti to a lower charge valence state is observed in this XPS analysis under reducing 
conditions, for example the change of Ti4+ to Ti3+, a valence change that is believed to 
be induced or promoted by the presence of LSTM. It can be said that the presence of 
various charge valences such as Ti4+ and Ti3+ can supply a path for improved electron 
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transport and provide additional pathways for redox reactions in the LSTM oxide 
system.  
The ratio of Ti3+ / Ti4+ and the charge sate of Ti in different samples with various 
experimental history are also summarized in Table 3. The ratios of Ti3+ / Ti4+ from 
LSTM (3wt%)-Ni (E) / 8YSZ and LSTM (3wt%)-Ni (R) / 8YSZ were calculated and 
found to be 1.14 and 3.40. The calculated charge states of Ti can be expressed as 3.15 
and 3.10, showing that the average charge of Ti in the samples decreased in the reducing 
process because a greater concentration of Ti3+ was present, instead of Ti4+.   
Significantly, in the case of the Ti satellite peak shown in Fig. 8 (b), LSTM (3wt%)-
Ni (R) / 8YSZ is the only composition which shows evidence of this satellite peak under 
fully reduced conditions, when comparing it to the XPS spectrum of fully reduced 
LSTM (3wt%)-Ni (E) / 8YSZ (Fig. 8 (a)), the satellite peak could not be found there. 
The satellite peak was observed at around 460.5 eV and this BE value is very close to 
the value (460.6 eV) of Ti metal 2p1/2 reported by M. K. Rath’s group [19]. In other 
words, the existence of a Ti metal peak on the surface of LSTM was exclusively 
measured at samples of fully reduced LSTM (3wt%)-Ni (R) /8YSZ ; the metallic 
titanium creating this peak can improve the electrical catalytic reaction.  
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Fig. 8. (a) 








































Fig. 8. (b) 
Fig. 8. Measured Ti 2p peaks and deconvolution peaks of 3wt% impregnated LSTM on 
(a) Ni (E) / 8YSZ and (b) Ni (R) / 8YSZ substrates. 
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Table 3. Binding energy (BE) and % area of the Ti 2p peaks, obtained from the XPS analysis of various samples.   
 
 
















2p3/2 2p1/2 2p3/2 2p1/2 2p3/2 2p1/2 2p3/2 2p1/2 2p3/2 2p1/2 2p3/2 2p1/2 
LSTM -heat 
treatment under air 
atmosphere 




457.4 463.0 457.8 463.6 458.5 464.3 1.72 9.21 36.14 9.80 31.52 11.61 1.07 3.32 
LSTM (3wt%) 
-Ni (E) / 8YSZ 
457.1 462.7 457.6 463.3 458.1 464.1 10.02 11.42 30.09 11.70 28.61 8.16 1.14 3.15 
LSTM (3wt%) 
-Ni (R) / 8YSZ 
457.4 462.9 458.0 463.5 458.6 464.6 10.99 0.98 45.48 22.54 10.65 9.36 3.40 3.10 
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3.8. Electrical conductivity under CH4 condition 
Electrical conductivities were measured in a dry CH4 atmosphere using 3 wt% 
impregnated LSTM specimen on both substrates Ni (E) / 8YSZ and Ni (R) / 8YSZ. 
These two samples were chosen for the methane experiment because they showed the 
highest electrical conductivity properties under dry H2 condition due to the fact that 
3wt % impregnated LSTMs were effectively coating the surface and cross section of the 
substrates. 
From the results shown as Fig. 9, the electrical conductivities of the LSTM (3wt%)-
Ni (R) / 8YSZ sample showed higher values than those of the LSTM (3wt%)-Ni (E) / 
8YSZ sample at all measured temperature ranges and it can be found that the difference 
in conductivity between them at relatively low temperatures is greater than at high 
temperatures. Significantly, the electrical conductivity of LSTM (3wt%)-Ni (E) / 8YSZ 
shows a rapid decrease from 750 °C. However, LSTM (3wt%)-Ni (R) / 8YSZ exhibits a 
relatively higher electrical conductivity, which implies that impregnated LSTM 
combined with a Ni (R) / 8YSZ substrate shows good resistance against carbon 
deposition under dry methane condition.   
Summarizing these trends, the additional step of Ni removal from the surface of the 
Ni (E) / 8YSZ cermet before LSTM impregnation leads to the development of 
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resistance against carbon deposition as well as to a general improvement of electrical 
conductivity when used as a SOFC anode fueled by CH4. 
 




























Fig. 9. Summarized electrical conductivities of (a) LSTM (3wt%)-Ni (E) / 8YSZ and (b) 











































Fig. 10. Changes in electrical conductivity with time of LSTM (3wt%)-Ni (E) / 8YSZ 
and LSTM (3wt%)-Ni (R) / 8YSZ exposed to dry and wet CH4 at 900
oC. 
 
Fig. 10 summarizes the electrical conductivity results of two samples, LSTM (3wt%)-
Ni (E) / 8YSZ and LSTM (3wt%)-Ni (R) / 8YSZ, exposed to dry and wet CH4 at 900
oC. 
The electrical conductivity of LSTM (3wt%)-Ni (E) / 8YSZ was 16.8 S/cm initially in 
the first stage (h=0) of measurement at 900 oC, this value decreased with measuring 
time and then the value of electrical conductivity was 10.8 S/cm when exposed to dry 
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CH4 after 10 hours. It can be seen that the conductivity increases rapidly after 10 hours 
due to the carbons deposited on the surface of the sample. After 20 hours, the maximum 
electrical conductivity value of 113.5 S/cm was shown and then it was impossible to 
measure the conductivity of LSTM (3wt%)-Ni (E) / 8YSZ sample any more with a 
rapid decrease because carbons existing on the surface infiltrated the inside of the 
support, a rapid volume expansion occurred as can be seen from the change in the shape 
of the sample included as an inset in Fig. 10.  
However, the LSTM (3wt%)-Ni (R) / 8YSZ sample showed an average electrical 
conductivity value of about 19S/cm up to 100 hours and maintained in a stable state for 
a long time under dry CH4 condition at 900 
oC. When measured in a wet CH4 
atmosphere for 20 hours after 100 hours, the electrical conductivity was slightly 
increased while maintaining an average value of about 21 S/cm. 
Fig. 11 shows the microstructural characteristics of LSTM (3wt%)-Ni (E) / 8YSZ and 
LSTM (3wt%)-Ni (R) / 8YSZ samples on the surface after the end of the experiments 
shown as Fig. 10.  Fig. 11 (a) shows the top view of LSTM (3wt%)-Ni (E) / 8YSZ 
after supplying dry CH4 for 21 hours and Fig. 11 (b) shows the top view of LSTM 
(3wt%)-Ni (R) / 8YSZ after supplying dry CH4 for 100 hours and then supplying wet 





Fig. 11. SEM images of the (a) LSTM (3wt%)-Ni (E) / 8YSZ and (b) LSTM (3wt%)-Ni 
(R) / 8YSZ exposed to dry and wet CH4 at 900
oC after completion of electrical 
conductivity measurement.  
 
Clear microstructural distinction in the surfaces of two samples can be directly 
observed in Fig. 11. For example, carbon fibers on the surface of LSTM (3wt%)-Ni (E) 
/ 8YSZ samples were generated [22], which indicates that the carbon deposition resulted 
in short-term destruction of the anode structure in Fig. 11 (a). However, in the case of 
the LSTM (3wt%)-Ni (R) / 8YSZ sample in which the LSTM was impregnated on the 
8YSZ surface by removing Ni in Fig. 11 (b), although spherical carbons were deposited, 
the structures maintaining the surface network remained intact. Due to the difference in 
the morphology of decomposition particles, not only the shape and size of the LSTM 
(3wt%)-Ni (R) / 8YSZ sample could be maintained, but also a constant conductivity 
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could be maintained. The impregnation of LSTM into a Ni/8YSZ cermet after removing 
Ni from its surface leads to a significant change in microstructure of the sample 
compared to a sample in which the same LSTM impregnation was performed into a Ni / 
8YSZ cermet without Ni removal. Effects of this microstructural change under 
conditions experienced if used as a SOFC anode, like improvement of the electrical 





In this research, the microstructural and electrochemical properties of samples of 
LSTM impregnated Ni (E) / 8YSZ and Ni (R) / 8YSZ substrates were investigated 
aiming at the application as anode material for SOFCs. 
When reduced Ni (R) / 8YSZ substrates were exposed to the acid solution, Ni was 
easily eluted at the first measurement period (from 0 to 5 minutes) with rate of 3.32 
wt%/min and then the amount of Ni removed showed a low dissolution rate of 2.29 x 
10-2 wt%/min.  
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Investigation of the microstructure of LSTM on a Ni (R) / 8YSZ substrate showed 
that LSTM was uniformly distributed on the grain and formed a structure LSTM 
particles serially connected in the form of particle chains from an impregnation level as 
low as 3 wt% on top of the Ni (R) / 8YSZ substrates.  
Electrical conductivity values of samples with LSTM impregnated onto a Ni (E) / 
8YSZ substrate proof to be lower than those of samples with LSTM impregnated onto a 
Ni (R) /8YSZ substrate and the values of LSTM impregnated onto Ni (R) / 8YSZ were 
surprisingly even much higher than those of the pure Ni (E) / 8YSZ sample. These 
higher conductivities of samples of LSTM impregnated onto a Ni (R) / 8YSZ substrate 
are caused by the presence of metallic Ti at the grain boundaries, which can be observed 
by EDS analysis. Additional proof for the existence of metallic Ti at the grain 
boundaries of these reduced samples was provided by XPS results showing a satellite 
peak at bounding energy values related to Ti0 in literature. In summary, the existence of 
Ti caused by the reduction of impregnated LSTM can only be observed if LSTM is 
impregnated onto a substrate with a Ni free surface, meaning a surface from which Ni 
has been eluted in the way described above fabricating Ni (R) / 8YSZ. The existence of 
metallic titanium can lead to improved electrical conductivity.  
Finally, LSTM (3wt%)-Ni (R) / 8YSZ showed electrical conductivity values which 
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were higher than those of LSTM (3wt%)-Ni (E) / 8YSZ in all the temperature ranges 
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